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Design Earthquake Ground Motion Prediction for
Perth Metropolitan Area with Microtremor
Measurements for Site Characterization
JONATHAN Z. LIANG, HONG HAO, YING WANG,
and KAI MING BI
School of Civil and Resource Engineering, The University of Western Australia,
Australia
Perth is the largest city in Western Australia and home to three-quarters of the state’s residents. In
recent decades, there have been a lot of earthquake activities just east of Perth in an area known as
the South-West Seismic Zone. Previous numerical results of site response analyses based on limited
available geology information for PMA indicated that Perth Basin might amplify the bedrock
motion by more than 10 times at some frequencies and at some sites. Hence, more detailed studies
on site characterization and amplification are necessary. The microtremor method using spatial
autocorrelation (SPAC) processing is a useful tool for gaining thickness and shear wave velocity
(SWV) of sediments and has been adopted in many previous studies. In this study, the response
spectrum of rock site corresponding to the 475-year return period for PMA is defined according to
the probabilistic seismic hazard analysis (PSHA) based on the latest ground motion attenuation
model of Southwest Western Australia. Site characterization in PMA is performed using two
microtremor measurements, namely SPAC technique and H/V method. The clonal selection algo-
rithm (CSA) is introduced to perform direct inversion of SPAC curves to determine the soil profiles
of representative PMA sites investigated in this study. Using the simulated bedrock motion as input,
the responses of the soil sites are estimated using numerical method based on the shear-wave
velocity vs. depth profiles determined from the SPAC technique. The response spectrum of the
earthquake ground motion on surface of each site is derived from the numerical results of the site
response analysis, and compared with the respective design spectrum defined in the Australian
Earthquake Loading Code. The comparison shows that the code spectra are conservative in
the short period range, but may slightly underestimate the response spectrum at some long
period range.
Keywords Site Response; SPAC Method; Clonal Selection Algorithm; Response Spectrum;
Ground Motion
1. Introduction
Located in southwest Western Australia (SWWA), Perth is an important transportation
hub and commercial centre of the state. In the past, seismic risk in Western Australia has
been considered quite low since the population was small and quite spread out, and there
were not many high-rise buildings. However, increase in its population resulting in
construction of high-rise buildings and more dense residential structures, and increase
in earthquake activities in recent decades just east of Perth in an area known as the South-
West Seismic Zone makes the seismic risk of PMA increase significantly. This has led to
Received 26 May 2008; accepted 12 December 2008.
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much effort into investigating the seismic risk of the Perth Metropolitan Area (PMA).
As only very limited number of earthquake strong ground motion records are available
in southwest Western Australia (SWWA), many seismic risk analyses for Perth [Dhu
et al., 2004; Jones et al., 2005] and the design response spectrum in current
Australian Earthquake Loading Code [AS 1170.4–2007] were based on the attenuation
models developed for Central or eastern North America (CENA). These attenuation
models were used because both CENA and SWWA are located in a stable continental
intraplate region.
However, the reliability of these CENA models in predicting SWWA strong ground
motions is still under discussion. Some recent studies [Hao and Gaull, 2004; Kennedy
et al., 2005] showed that none of these models yielded very satisfactory prediction of the
recorded strong ground motions in SWWA. For example, Hao and Gaull [2004] com-
pared five CENA ground motion models, and concluded that these five models derived by
different researchers differ significantly in the lower magnitude range among themselves
although they were all derived from the recorded CENA data. Hence, using the CENA
attenuation models to perform seismic hazard analysis for PMA might bias the ground
motion estimates.
To overcome this, a combined stochastic and Green’s function simulation method
was developed by Liang et al. [2008] to construct attenuation models of PGA, PGV, and
ground motion spectral accelerations for SWWA. The new attenuation models were
derived from a large simulated database covering a large distance range and an appro-
priate magnitude range, and were proven to provide a more reliable prediction of the
available SWWA records than other models considered. Therefore, it is expected the new
equations are likely to provide the more reliable seismic hazard results in SWWA.
The attenuation models and ground motion predictions in the later study are for
seismic motions on hard rock sites [Liang et al., 2008]. Amplification of seismic waves in
Perth sedimentary basin has been observed in previous seismic events. For example,
panic to occupants and minor damage in some of the middle-rise buildings in downtown
Perth were caused by the Great Indonesian Earthquake of August 17, 1977, with an
epicentral distance of 2000 km. Gaull et al. [1995] presented an initial analysis of the site
amplification effects of the Perth Basin using microtremor spectral ratios, namely
horizontal-to-vertical (H/V) method. They constructed microzonation maps of Perth
from microtremor spectral ratios and found that spectral ratios correlated well with
geological subsurface layers and provided a tentative assessment of Perth’s ground
motion. Gaull et al. [1995] indicated that the Perth Basin might amplify the bedrock
motion by 2–10 times. Based on microtremor spectral ratios, more detailed study of site
effect was performed in Gaull [2003]. The resonance periods throughout the regolith of
the PMA were identified using H/V method. Hao and Gaull [2004] performed site
response analysis for two soft soil sites in PMA using rock site ground motions simulated
based on three events corresponding to the upper and lower range design events and the
worst scenario event as input and concluded that the design spectra in the previous
Australian code might overestimate spectral accelerations on soft sites. However,
owing to the lack of exact geology information, only two site responses were investigated
in their study. McPherson and Jones [2005] investigated regolith thickness, and natural
periods of PMA sites by using borehole data, seismic cone penetrometer test (SCPT) data,
and microtremor data. They divided PMA into four soil classes based on the soil proper-
ties. The mean and standard deviation of regolith thickness, shear wave velocities, and
natural period of the four soil classes presented in their study are summarized in Table 1.
By comparing with the shear wave velocities estimated in Gaull [2003] and that in their
study, McPherson and Jones [2005] concluded that overall the shear wave velocity
998 J. Z. Liang et al.
D
o
w
n
lo
ad
ed
 B
y:
 [
De
ak
in
 U
ni
ve
rs
it
y]
 A
t:
 2
3:
21
 2
 M
ar
ch
 2
01
1
estimates presented by Gaull [2003] do not compare favorably with the measured shear
wave velocities and should be used with caution in relation to earthquake studies.
Furthermore, many studies (e.g., Jarpe et al. [1989] and Schnabel [1973]) have indicated
that soil responses will be nonlinear under strong shaking. These studies also showed that
the amplification factor derived from microtremor may not give a reliable prediction of
strong ground motion response at some sites.
The potential amplification of ground motion in Perth Basin and the limitation of
previous site response studies for PMA provide the motivation to perform more detailed
studies of site responses across the PMA. In this study, the probabilistic seismic hazard
analysis (PSHA) based on the latest ground motion attenuation model [Liang et al., 2008]
is performed first to determine the 475-year return period design event. The ground
motion time history on rock site corresponding to the design event is then simulated. As
the available geology information in PMA is very limited, in order to perform site
amplification analysis, a site survey is performed around Perth using two microtremor
methods, namely the spatial autocorrelation (SPAC) method and the H/V method. The
clonal selection algorithm (CSA) is adopted to perform direct inversion of SPAC curves
to determine the soil profiles of the study sites. Results from seven sites are reported in
this study. The shear-wave velocity profiles vs. depth for the top hundred meters of the
seven sites are determined using the SPAC method. These shear-wave velocity profiles
are compared to available soil profile information obtained in previous studies, i.e., Asten
et al. [2003] and McPherson and Jones [2005]. The site vibration frequencies are also
estimated using the derived soil profiles and compared with the H/V measurements.
Favorable comparisons are obtained. Using the derived shear-wave velocity profiles,
detailed site response analyses are carried out to estimate motions on ground surface.
The response spectra of ground motions on rock site and on soil sites are derived from the
calculated ground motion time histories, and are compared with the respective design
spectrum defined in the Current Australian Earthquake Loading Code [AS 1170.4–2007].
Discussions on adequacy of the design spectrum are made.
2. Response Spectrum of Design Ground Motion on Rock Site
The computer program SEISRISK III [Bender and Perkins, 1987] is used in this study to
perform the probabilistic seismic hazard analysis (PSHA). SEISRISK III is one of a series
of computer programs developed by the US Geological Survey to calculate the maximum
ground motion levels that have a specified probability of not being exceeded during a
fixed time period at a set of sites uniformly spaced on a two-dimensional grid. The
TABLE 1 Regolith thickness, shear wave velocities, and natural period for site classes
(from McPherson and Jones [2005])
Site class
Mean
thickness
(m)
STD
thickness
(m)
Mean
SWV
(m/s)
STD
SWV
(m/s)
Mean
period
(sec)
STD
period
(sec)
Shallow sand 20 13 294 43 0.65 0.46
Deep sand 42 14 300 82 0.5 0.5
Mud-dominated 18 13 330 179 0.5 0.35
Limestone dominated 40 18 900 – 0.22 0.38
Note: STD-standard deviation. SWV-shear wave velocity.
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earthquake sources are modeled as either points located randomly within seismically
homogeneous source zones or as finite length ruptures that occur randomly along linear
fault segments. A detailed discussion of the computational methodology is outside the
scope of this article. Those wishing more detailed information about the program should
refer to the original documentation. However, a brief description of some key assump-
tions and input parameters relating to the calculation of earthquake hazard in this study is
included below.
2.1. Seismic Source Zones and Recurrence Relationship
The definition of seismic source zones and their recurrence relationships in SWWA have
been carried out by Gaull and Michael-Leiba in 1987. Some modifications presented in
Hao and Gaull [2004] were applied to the original zone boundaries and recurrence
relationships to include the most recent activities in the Burakin area in SWWA. This
updated seismic source zone map shown in Fig. 1 and the recurrence relationship model
listed in Table 2 are adopted in this study. It should be noted that the recurrence
FIGURE 1 Seismic source zones surround PMA.
TABLE 2 ML recurrence parameters
for seismic source zones
SZ A b
1 2.88 0.75
2 4.22 1.27
3 3.1 0.85
4 1.78 1
Note: Zone 4 A-value is per 10,000 square
kilometers.
1000 J. Z. Liang et al.
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relationship for Zone 4 is calculated from Background zone in Table 2 of Gaull and
Michael-Leiba [1987]. Because the SEISRISK program does not have the facility for
‘‘Background Seismicity’’ as in the Cornell McGuire Program, it was decided to intro-
duce a fourth zone between Zone 3 and Zone 2 and use the normalized recurrence rates of
seismicity as defined in Table 2 and call it ‘‘Background Zone.’’ Because this zone falls
under and is adjacent to the PMA, it is thought the relatively low seismicity level in this
zone may well be significant.
2.2. Attenuation Relation for SWWA
As discussed above, an appropriate attenuation relation should be used in this study for
the PMA site because of possible biases associated with attenuation relationships developed
from the database recorded in different regions. For example, Douglas [2004] showed that
there seems to be a significant difference in ground motions between California and
Europe. Therefore, the Liang et al. [2008] attenuation model, developed based on local
ground motion records and simulated ground motions for local conditions, is adopted in this
study. The standard error of estimate of the attenuation model is considered in the
calculation to take variability in the attenuation function into account. The PGA attenuation
relationship and the response spectrum model of Liang et al. [2008] are given as:
ln Y ¼ aþ bMLþ cRþ d lnRþ eML lnRþ " (1)
where Y is the peak ground motion parameter or spectral acceleration value at different
period in mm/s2, R is the epicentral distance in km, andML is the Richter magnitude. e is an
error term representing the uncertainty in Y. The coefficients a-e and e are listed in Table 3.
2.3. The Seismic Hazard for PGA
PGA on rock site in PMA with a 10% probability of being exceeded in 50 years is
calculated using the Liang et al. [2008] attenuation model and shown in Fig. 2. As
TABLE 3 Coefficients for estimation of horizontal peak ground acceleration and
response spectral acceleration of 5% damping
Period a b c d e e
PGA 3.688 0.832 0.016 1.374 0.147 1.17
0.02 2.273 1.112 0.014 0.662 0.023 1.10
0.05 1.776 1.253 0.016 0.294 0.028 1.16
0.20 1.570 1.243 0.008 0.571 0.014 1.39
0.30 1.310 1.321 0.006 0.623 0.024 1.46
0.40 1.147 1.322 0.010 0.611 0.012 1.52
0.50 0.476 1.330 0.016 0.419 0.002 1.56
0.75 2.124 1.663 0.019 0.019 0.055 1.51
1.00 3.901 1.892 0.019 0.134 0.070 1.45
1.50 5.378 2.051 0.017 0.072 0.040 1.38
2.00 6.193 2.126 0.017 0.199 0.022 1.33
3.00 7.236 2.208 0.016 0.332 0.000 1.27
4.50 8.391 2.305 0.018 0.327 0.008 1.27
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shown, PGA on rock site ranges from 0.14 g in the north-east through to 0.09 g in the
south-west for the return period of 475 years. Comparing to the PGA of 0.09 g with
the same probability given in the current Australian earthquake loading code for PMA
[AS 1170.4–2007], the code underestimates the PGA in the north-east part of PMA. To
investigate the effect of each zone on PGA in PMA, rock site PGA seismic hazard
curve at longitude 115.85 and latitude 32.00 (Perth CBD) in PMA is plotted in
Fig. 3. It shows that the effect of zone1 is the most significant whereas zone 2
contributes the least in terms of PGA in PMA.
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FIGURE 2 (a) PMA location (after Gaull et al. [1995]; and (b) Rock site PGA in PMA
with a 10% chance of being exceeded in 50 years.
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FIGURE 3 Rock site PGA seismic hazard curve at longitude 115.85 and latitude 32.00
(Perth CBD).
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It is interesting to compare these estimated PGA’s from Fig. 2 for downtown Perth
with those of Hao and Gaull [2004]. Interpolating from Fig. 2 above, the PGA on rock-
sites is about 0.105 g. This is slightly greater than what was estimated by Hao and Gaull
[2004] where an equivalent estimate of about 0.09 g was obtained. The difference in the
two results could be easily explained with a higher variation of 1.17 in the PGA
attenuation model in this study as compared with 0.7 in the Toro et al. PGA attenuation
model [Toro et al., 1997] used in Hao and Gaull [2004].
2.4. Probabilistic Seismic Hazard Spectra
The PSHA gives that the design earthquake event for PMA is of ML5.5 and epicentral
distance 25 km, which corresponds to a design PGA value of 0.105 g on rock site in the
Perth CBD. The corresponding 5% damped spectral accelerations on rock site is esti-
mated at periods of 0.02, 0.05, 0.2, 0.3, 0.4, 0.5, 0.75, 1.0, 1.5, 2.0, 3.0, and 4.5 s by using
the above attenuation model. The spectral acceleration on rock site at the central business
district (CBD) of Perth is used in this study. The comparison of the calculated spectral
acceleration and those of the code spectrum for rock site condition is given in Fig. 4. The
comparison shows that the spectral acceleration on rock site corresponding to the
predicted design event in general lies between the code spectrum of strong rock and
rock site within the range of 0–0.5 s. However, the code spectrum might underestimate
spectral acceleration at the period range of 0.5–2.0 s. This is because the attenuation
model derived for PMA [Liang et al., 2008] appears to predict higher spectral accelera-
tion at low frequencies than that of CENA models, which were used in deriving the
design earthquake ground motion spectrum in Australian code owing to the lack of
recorded ground motion data. The CENA models under predicting the spectral
0 0.5 1 1.5 2 2.5 3 3.5 4
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475–year return period
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FIGURE 4 Comparison of the calculated spectral acceleration and the code spectral
acceleration.
Design Earthquake Ground Motion Prediction 1003
D
o
w
n
lo
ad
ed
 B
y:
 [
De
ak
in
 U
ni
ve
rs
it
y]
 A
t:
 2
3:
21
 2
 M
ar
ch
 2
01
1
accelerations of SWWA motions at low frequency ranges have been observed in many
individual datasets recorded surround SWWA, such as the Burakin events. Allen et al.
[2006] analyzed the recorded motions from the Burakin events and concluded that the
WA motion has higher Fourier amplitudes at low frequencies than the CENA model
proposed by Atkinson [2004]. Nevertheless, further investigations are needed to draw a
solid conclusion on this observation as new data come to hand. Since the natural period
for most buildings lies within the range of 0.5–2 s, inadequacy of the design spectrum will
deeply affect the seismic design of buildings. Further studies are deemed necessary to
investigate the behavior of buildings under the calculated spectral accelerations.
2.5. Simulation of Bedrock Motion Time Histories
To estimate the soft soil site response and predict ground motion on soil site corre-
sponding to the design earthquake, ground motion time history on rock site is simulated.
The simulated time history is compatible to the predicted response spectrum on rock
site, as shown in Fig. 5 and Fig. 6. The duration of the ground motion is estimated to be
10 s based on the duration model for SWWA ground motions proposed by Liang et al.
[2008]. The duration is measured by integrating the squared acceleration and adopting a
97.5 percentile time interval.
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FIGURE 5 Simulated time history of design earthquake ground motion on rock site in
PMA.
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FIGURE 6 Comparison of the response spectrum of the simulated time history with the
predicted design response spectrum for rock site in PMA.
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3. Site Characterization Evaluation
3.1. Methodology
Many experimental, empirical, and numerical methods have been developed to evaluate
site effect on seismic ground motions. These methods own its advantages and limitations.
Numerical methods are founded on the wave propagation theory and are suitable to the
urban areas with weak seismicity. Many approaches and computer programs have been
developed to study site effect as early as the 1970s (e.g., Schnabel et al. [1972], Wolf
[1985], Idriss and Sun [1992], Hao [1993], and Bardet et al. [2000]). Usually, the
nonlinearity of the site response is estimated with the equivalent linearization method
and the empirical nonlinear soil properties. To do this, the site conditions with detailed
soil profiles need be determined first.
Empirical approaches are based on analysing a very large number of observations of
the effects of soft sediments on seismic wave propagation to develop empirical relations
between surface geology and various measurements of earthquake motion. Empirical
methods have been very popular in regions where both multiple earthquake observations
and abundant information on surface geology are available.
For experimental methods, macroseismic observations, microtremor measurements,
weak seimicity survey, or strong-motion accelerograms are used to estimate both site
periods and amplification. In regions of high seismicity, it is possible to obtain simulta-
neous records on the soft soil stations and on the hard rock reference stations. The records
can be used to determine the differences in the response of soft soil sites relative to a firm
rock site. In regions where seismicity is low or moderate, microtremor measurements are
a proposed alternative used to characterize site response. Microtremor measurements
have been adopted in some studies for PMA (e.g. Gaull et al. [1995], Gaull [2003], and
Asten et al. [2003]).
In this study, two microtremor measurements, namely H/V ratio technique and SPAC
method, are adopted to evaluate the site effect in PMA. The soil profile and the soil
properties of each layer are estimated by SPAC method. Detailed site response analyses
with consideration of soil nonlinear behavior are carried out using SHAKE2000 with the
simulated rock motion as input. Owing to the lack of information on nonlinear soil
properties in PMA, those derived by Seed and Idriss [1970], Sun et al. [1988], and
Schnabel [1973] are used in this study to model the nonlinear soil modulus value and
damping ratio at different strain levels for sand, clay and rock, respectively.
3.1.1. H/V Method. The H/V ratio technique and array measurement are the two micro-
tremor methods that have been widely applied in recent years. The H/V ratio technique,
which is based on analyzing the ratio between the Fourier spectra of the horizontal and
vertical components, was firstly proposed by Nogoshi and Igarashi [1971], and refined
and used by Shiono et al. [1979] and Kobayashi [1980]. They concluded that the ratio can
be applied to identify the fundamental frequency of soft soils. Nakamura [1989, 1996,
2000] suggested that the ratio provides information not only about resonant frequencies
but also about the corresponding amplification. H/V ratio method is very popular for
estimating site periods because it is inexpensive and convenient in application. However,
the reliability of using the H/V method is still being debated. Some researchers, such as
Lermo and Chavez-Garcia [1994], concluded that the H/V method allows adequate
compensation of source and Rayleigh wave effects and gives an accurate estimate of
both soil period and amplification. Others, such as Lachet and Bard [1994] and Field and
Jacob [1993], however, argued that the amplitude of the spectral ratio of the H/V method
Design Earthquake Ground Motion Prediction 1005
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does not correlate well with the S-wave amplification at the site resonant frequency.
McPherson and Jones [2005] also pointed out that the estimated shear-wave velocity of
PMA based on borehole data in their study is not consistent with that in Gaull [2003]
using H/V method. Furthermore, theoretical basis of the H/V method is still unclear as the
peak of the spectral ratio may be associated with the Rayleigh wave’s vertical component,
instead of amplification of S-wave on horizontal components. Hence, more work still
needs to be done to assess the effectiveness of the H/V method.
3.1.2. SPAC Approach. Array methods are based on inverse analysis of the dispersion
curve of wave propagation along the site to estimate the site properties. Tokimatsu [1997]
categorized array methods as active and passive. The active methods measure the
Rayleigh waves in vertical ground vibrations induced either by an impulsive source or
an exciter oscillating with a vertical harmonic motion. The active methods can explore
properties of surface soils to a depth smaller than 10–20 m since it is difficult to generate
long wavelengths by using artificial impulsive loadings and the frequency range of the
signals are limited.
The SPAC method, which is one kind of the passive methods, was first proposed by
Aki [1957] to extract the Rayleigh wave from observed microtremors. It is a useful tool
for gaining thickness and shear wave velocity (SWV) of sediments and has been adopted
in many previous studies around the world to investigate regional site response (e.g.,
Malagnini et al. [1993], Chouet et al. [1998], Bettig et al. [2001], and Asten [2005]). As
passive surface waves contain more low-frequency energy, the SPAC method can be used
to derive soil profiles to a much greater depth than the active methods.
The classical SPAC method is to undertake a two-stage process where the SPAC
spectrum is first inverted to velocities by numerical solution to Eq. (2):
SPAC f ; rð Þ ¼ J0 2fr=c fð Þð Þ; (2)
where SPAC(f,r) is the spatial autocorrelation coefficient, f is frequency in Hz, c(f) is the
phase velocity, r is the radius of array station separation, and J0 is the Bessel function of
the first kind of zero order. These velocities form a phase-velocity dispersion curve,
usually considered to be the dispersion curve for fundamental-mode of Rayleigh waves.
The second stage of the process is to fit the phase velocities to a model dispersion
curve computed for a layered site, namely numerical inversion. A modified approach,
introduced by Asten et al. [2002, 2003, 2004], Asten [2005], and Wathelet et al. [2005],
is to fit the observed SPAC coherency spectrum directly with a modeled SPAC spec-
trum. This approach has two key advantages; firstly, it reduces bias associated with
phase-velocity estimates made in the presence of incoherent noise, and secondly it
eliminates the uncertainties associated with multi-valued solutions of the inverse of the
Bessel function.
The modified SPAC method is employed in this study. The numerical modeling of
SPAC spectrum is calculated according to Lai and Rix [1998] as solution of the
eigenvalue problem of Rayleigh waves in elastic vertically heterogeneous media.
3.1.3. Clonal Selection Algorithm (CSA). As an inverse problem, many methods can
be used to obtain the subsurface structure parameters for a given SPAC spectrum. Asten
et al. [2002, 2003, 2004] used try-and-error approach to determine the site properties to
match the theoretical SPAC spectrum with the measured data. Others used some tradi-
tional inversion techniques, e.g., Monte Carlo method [Keilis-Borok and Yanovskaya,
1006 J. Z. Liang et al.
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1967], genetic algorithms [Moro et al., 2007], and neighborhood algorithm [Sambridge,
1999; Wathelet et al., 2005]. In this study, a new genetic-based method, namely the
Clonal Selection Algorithm (CSA) is used to find the soil parameters from the SPAC
spectrum. The CSA is presented by Castro and Zuben [2000]. It is one of the three
information processing methods based on organism. The other two are neural network
method and genetic algorithm. By comparing the CSA and the standard genetic algo-
rithm, Castro and Zuben [2000] indicated that the CSA can reach a diverse set of local
optima solutions, while the GA tends to polarize the whole population of individuals
towards the best candidate solution. Furthermore, the CSA has the ability of getting out
local minima, operates on a population of points in search space simultaneously, and
employs probabilistic transition rules instead of deterministic ones. Because of these good
features, the CSA has been used in the literature for solving various inverse problems
(e.g., Ou and Wang [2007] and Guney et al. [2008]).
The CSA is developed on the basis of the clonal selection principle of the immune
system (IS). When an antigen is detected, some subpopulation of its bone marrow
derived cells (B lymphocytes) can recognize the antigen with a certain affinity (degree
of match). The B lymphocytes will be cloned to proliferate (divide) and eventually
mature into terminal (non-dividing) antibody secreting cells, called plasma cells.
Proliferation of the B lymphocytes is a mitotic process which produces exact copies
of the parent cells, creating a set of clones identical to the parent cell. The proliferation
rate is directly proportional to the affinity level, i.e., the higher affinity levels of B
lymphocytes, the more of them will be readily selected for cloning and cloned in larger
numbers. The B lymphocytes with high antigenic affinities are selected to become
memory cells. The B lymphocytes that are not simulated to proliferate as they do not
match any antigens will eventually die. This process enables the new cells to match the
antigen more closely. The cloning and maturation processes are called the clonal
selection principle.
A flowchart of the CSA is shown in Fig. 7. The CSA starts by parameter setting,
i.e., determining the population size, updation limit, and termination criteria. The initial
population of antibodies (candidate solutions) are randomly generated. The antibodies
are evaluated over an affinity (fitness) function and sorted in decreasing order of
affinity. The antibodies with high affinity are selected and cloned proportionally to
their affinities. The antibody population is updated by replacing the antibodies having
lower affinities with other improved members of maturated antibody population. With
this replacement, the diversity of antibody population is maintained so that the new
areas of the search space can be potentially explored. These processes are repeated
until a termination criterion is achieved.
When inversion of SPAC curves is performed, the key element of optimization is
the model evaluation, which is performed by means of an objective function that
allows the quantitative estimation of the model convergence. It is assumed that the
spatial autocorrelation coefficient SPAC(f, r), as shown in Eq. (4), is expressed as a
function of the subsurface parameters using Eqs. (2) and (3):
c ¼ cðf ; vp; vs; h; Þ (3)
SPACðf ; rÞ ¼ SPACðf ; v; vs; h; Þ; (4)
in which v and vs are Poisson’s ratio and shear wave velocity, h and r are layer
thickness and density, respectively. The objective function (Eq. (5)) is expressed as the
Design Earthquake Ground Motion Prediction 1007
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difference between the observed SPAC spectrum and that calculated in theory and is
optimized by the CSA:
SPACi ¼
XN
i
ðSPACobsi  SPACcali Þ2; (5)
where SPACobsi and SPAC
cal
i are the observed and the theoretical SPAC spectrum at the
ith frequency. As shear-wave velocity and layer thickness have more significant effect on
Rayleigh wave propagation than other parameters [Xia et al., 1999] and with the aim of
reducing the computational effort by limiting the number of variables, only the Poisson’s
ratio, shear wave velocity of each layer are updated. The density is assumed as a constant
in this study. The initial layer thickness is assumed to be 10 m. If any two adjacent layers
have similar Poisson’s ratio and shear wave velocity, they are combined as one layer.
4. Site Testing and Data Processing
During December 2007 and February 2008, site survey was performed in seven sites
around PMA, as shown in Fig. 8. The deployment consisted of two circular arrays with
respective radii of 48 and 59 m. As can be seen in Fig. 9, each circular array consisted of
three accelerometers, with an additional accelerometer at the center station. Vertical
ground accelerations were recorded at 500 samples/s. Two sets of data were recorded
FIGURE 7 Flowchart for CSA.
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with approximately 15 min in each set. After recording the vertical accelerations, the
three accelerometers on the out ring were taken and placed at the same locations of the
accelerometers on the inner ring to record horizontal ground accelerations. An additional
accelerometer was also placed at the center station in the horizontal direction.
Simultaneous horizontal and vertical ground accelerations were recorded at the center
and the three inner ring stations for estimating the H/V spectrum. Similarly, two sets of
data with 15 min each were recorded.
FIGURE 8 Location of sites in PMA investigated in this study.
FIGURE 9 Circular array with seven measurement locations in field measurements.
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In processing the data, each 15-min recording is divided into five windows.
Synchronized records of 3 min long were taken out and baseline corrected and trans-
formed to the frequency domain. A matrix of coherencies between the recorded vertical
ground vibrations at the center station and one of the stations on the inner or out ring is
constructed. The coherencies calculated from ground vibrations in five 3-min time
windows in both sets of the recorded data are averaged to get assemble mean of the
calculated coherencies. A total of ten coherency functions are averaged to reduce the
effect of random noises.
Similarly, the simultaneously measured horizontal and vertical ground vibrations at
four locations in each measurement are divided into 3-min windows. After baseline
corrections, the ratios of the Fourier spectra of the horizontal and vertical motions are
averaged. The spectral ratios are then used to identify the vibration frequencies of the site.
5. Estimation of Subsurface Structure and Site Response
The estimated SPAC function at each site is used as the target for fiting the Bessel
function of the first kind of zero order to determine the site properties as described above.
Once the site profile is determined, detailed site response analyses are carried out to
estimate motions on surface of each site, using the simulated rock motion as input. The
natural frequencies of each site are also determined from the site profile with numerical
analysis, which are compared with those from the H/V technique. The response spectrum
of the calculated ground motion on surface of each site is determined and compared with
the respective code spectrum. Discussions on the adequacy of the code spectrum are
made based on these calculated ground motions.
5.1. Site 1 (Crimea Ten Park)
The observed SPAC function for the arrays of radius 59 and 48 m and the corresponding
fitted curves are shown in Fig. 10. The field observed and modelled SPAC functions for
the 59 m radius array agree with each other over the range of 1.0–10.0 Hz. Those for the
48 m radius array also match with each other at frequencies above 1.0 Hz. At frequencies
below 1.0 Hz, however, the modeled SPAC function does not converge to the observed
SPAC function. This is because it is difficult to reliably measure low-frequency ambient
ground vibrations as they are very sensitive to noises that inevitably exist in field
measurements. Since low-frequency wave penetrates deeper into the ground, the lower
the ground motion frequency accurately measured, the deeper the soil profile can be
reliably determined. A previous study [Tokimatsu et al., 1992] demonstrated that the use
of short-period microtremors (more than 1.0 Hz) can reasonably determine the shear
wave velocity profile of the site up to 100 m. Therefore, in this study, the shear-wave
velocities up to only 100 m are determined because of the unsatisfactory match between
the measured and modeled SPAC functions at frequencies below 1.0 Hz. The identified
shear wave velocity profile for this site is given in Fig. 11. It should be noted that Asten
et al. [2003] also derived the shear wave velocity of this site using the SPAC method. As
shown, the shear-wave velocities derived in this study agree reasonably well with those
obtained by Asten et al. [2003]. The results however predict lower shear-wave velocity
than that of SCPT data. Asten et al. [2003] indicated that the SCPT penetrated only to a
depth of 18.8 m and presumably halted by coarse sands. As the shear wave velocity of
rock is greater than 360 m/s [AS 1170.4–2007], the calculated shear-wave velocity profile
suggests a shallow bedrock interface at approximately 30 m. According to the shear-wave
velocity obtained, this site can be classified as a shallow soil site with a soil layer depth of
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about 30 m according to the classifications suggested by the current Australian
Earthquake Loading Code [AS 1170.4-2007].
Figure 12 presents the averaged H/V spectrum and Fig. 13 shows the response
spectrum and amplification spectrum of Site 1. As mentioned, the response spectrum
and amplification spectrum are calculated using SHAKE2000 with the built-in nonlinear
soil properties proposed by Seed and Idriss [1970]. It should be noted that the amplifica-
tion spectrum is obtained by comparing the ground motion on soil surface with that on
rock site, i.e., the outcrop rock site ground motion is used instead of the bedrock motion.
The reason to use the outcrop rock motion in deriving the amplification spectrum is to
FIGURE 10 Site 1: measured and modeled SPAC function.
FIGURE 11 Identified shear-wave velocity profile of Site 1.
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make the comparison consistent with the respective rock site and soil site ground motion
response spectra presented in the same figure. If the bedrock ground motion is used, the
amplification spectrum will have higher values because the free surface reflection
increases the outcrop rock site motions. The simulated rock motion time history is used
as input. As shown, the H/V technique predicts the first modal frequency as 1.45 Hz and
the second modal frequency as 3.7 Hz. The amplification spectrum gives the first modal
frequency as 1.62 Hz and the second modal frequency as 3.3 Hz. Although the frequen-
cies obtained using the H/V and SPAC methods are not exactly the same, they are within
a reasonable margin of each other. Comparing with the previous study by McPherson and
Jones [2005], as summarized in Table 1, in which they concluded that for a deep sand site
in PMA with a mean thickness of 42 m and standard variation of 14 m, the mean natural
FIGURE 12 H/V spectrum of Site 1.
FIGURE 13 Response spectrum and amplification spectrum of Site 1.
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period is 0.5 and standard variation 0.5 s. This is in good agreement with the predicted
site condition of Site 1 in this study.
The comparison of the calculated spectral acceleration and the current code spectral
acceleration [AS 1170.4–2007] for shallow soil sites is given in Fig. 13. As shown, the
current design spectrum underestimates the response spectrum in the period range of
0.5–1.0 s, but is conservative at period below 0.5 s.
5.2. Site 2 (Warwick)
Figure 14 shows the observed and modelled SPAC function for the two arrays. As shown,
the theoretical function fits the observed SPAC function well in the range of 0.3–5.0 Hz
and is a close match above 5.0 Hz. Figure 15 compares the shear-wave velocity profile
obtained in this study with that in Asten et al. [2003] and that from SCPT data. As shown,
the three shear wave velocity profiles match reasonably well with each other except in the
first layer with a depth of 10 m, where this study predicts a significantly lower shear wave
velocity than that derived from Asten et al. [2003] and SCPT data. The lower shear wave
velocity prediction for the first layer might be because of the fluctuation of ground water
table. Based on the identified shear wave velocity, we suggest the bedrock interface
locates at approximately 50 m. As the natural site period is greater than 0.6 s and the
depths of soil exceed 40 m, according to the suggested site classifications in current
Australian code [AS 1170.4-2007], this site is identified as a deep soil site with a soil
layer depth of about 50 m.
The averaged H/V spectrum, response spectrum and amplification spectrum of Site 2
are shown in Figs. 16 and 17. As shown, the first two peaks of H/V spectrum occur at
0.97 and 2.2 Hz, respectively, which correspond to the first and second mode of the site.
The two modes in the amplification spectrum occur at frequencies of 0.9 and 1.89 Hz,
respectively. According to McPherson and Jones [2005], for a deep sand site in PMA, the
mean fundamental period is 0.5 s with a standard deviation also 0.5 s. Examining the
spectral accelerations presented in Fig. 17 reveals that the current code spectral values are
conservative for this site.
FIGURE 14 Site 2: measured and modeled SPAC function.
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5.3. Site 3 (Guildford)
The observed and modeled SPAC functions are shown in Fig. 18. Reasonable agreements
are observed again. The identified shear wave velocity profile, as shown in Fig. 19,
suggests a shallow bedrock interface at approximately 10 m with an underlying low shear
wave velocity soil layer at 60 m, which has a thickness of about 10 m. Because no other
data for this site can be found for comparison, and this site falls in the mud-dominated
site category, the prediction of mean and mean plus and mean minus one standard
deviation shear wave velocity by McPherson and Jones [2005] for this site category is
depicted in Fig. 19. If the low-velocity soil layer located at 60 m depth is ignored, the
estimated averaged shear wave velocity in the top 20 m is within the mean minus
standard deviation range. The H/V spectrum of the site (Fig. 20) shows that the first
peak is located at 0.64 Hz and the second peak at about 1.05 Hz. The calculated transfer
function (Fig. 21) suggests a first modal frequency of 0.61 Hz and second modal
FIGURE 16 H/V spectrum of Site 2.
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FIGURE 15 Identified shear-wave velocity profile of Site 2.
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frequency of 1.08 Hz, indicating the H/V method gives consistent estimation of the
vibration frequencies of this site. However, McPherson and Jones [2005] predicted
higher-fundamental vibration frequency for this site category with the mean and the
standard deviation of natural period 0.5 s (2.0 Hz) and 0.35 s, respectively. The observed
lower natural frequency for Site 3 is because of the irregular soil profiles where a soft
layer is trapped between two stiffer layers. Comparing the calculated spectral
FIGURE 18 Site 3: observed and modelled SPAC function.
FIGURE 17 Response spectrum and amplification spectrum of Site 2.
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accelerations with that of the current code design spectrum, as presented in Fig. 21, it
shows that the current code spectral values are conservative for the period below 2 s.
5.4. Site 4 (Mt Lawley)
Figure 22 shows a close match between the observed and modeled SPAC function. The
identified shear wave velocity profile (Fig. 23) suggests that Site 4 is a shallow soil site
with a soil depth of about 10 m. The identified shear wave velocity profile is also
comparable to the prediction by McPherson and Jones [2005] for this site class as
shown in Fig. 23. As shown in Fig. 25, a first modal frequency of 0.94 Hz and second
modal frequency of 3.17 Hz are obtained from the site amplification spectrum. They are
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FIGURE 19 Identified shear-wave velocity profile of Site 3.
FIGURE 20 H/V spectrum of Site 3.
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reasonably consistent with the peaks at 0.81 and 3.50 Hz in H/V ratio spectrum (Fig. 24).
However, the H/V spectrum displays a few more peaks, with the second dominant peak at
about 1.1 Hz. The exact reason for this is not known, possibly because of noises or
unknown vibration sources in the proximity of the site. The estimated natural period for
FIGURE 21 Response spectrum and amplification spectrum of Site 3.
FIGURE 22 Site 4: observed and modeled SPAC function.
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this site is longer than that predicted by McPherson and Jones [2005], in which the mean
and the standard deviation of natural period are estimated to be 0.65 (1.54Hz) and 0.46 s,
but it falls within the range of the mean plus one standard deviation. The comparisons of
the calculated spectral accelerations and the code spectral accelerations are also given in
Fig. 25. The calculated spectral accelerations lie well below the code spectrum for
periods below 0.7 s, but goes over the code spectrum in the range of 0.7–2 s.
5.5. Site 5 (Wembley)
The comparison of the observed and the fitted SPAC function, illustrated in Fig. 26, shows
that the modelled SPAC function successfully captures the trend of the observed SPAC
function. Figure 27 shows that a regular soil profile where the stiffness of layer increases
with increasing depth is observed in Site 5. The bedrock can be located approximately
80 m below the ground surface. This site locates in the deep sand site area as suggested
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FIGURE 23 Identified shear-wave velocity profile of Site 4.
FIGURE 24 H/V spectrum of Site 4.
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by McPherson and Jones [2005]. The calculated bedrock location however is deeper than
the mean (40 m) plus standard deviation (18 m) soil thickness proposed by McPherson
and Jones [2005]. The calculated transfer function (Fig. 29) suggests a first modal
frequency of 0.27 Hz and second modal frequency of 1.35 Hz. As shown in Fig. 28,
the peak in H/V spectrum is not obvious, indicating the failure of the H/V method for
FIGURE 25 Response spectrum and amplification spectrum of Site 4.
FIGURE 26 Site 5: observed and modeled SPAC function.
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reliably identifying the vibration frequencies of this site. As compared with the result from
McPherson and Jones [2005], in which the mean natural period of deep sand site is 0.5 s
(2 Hz) and the variation is 0.5 s, this study predicts a longer natural period. This is because
the current study predicts a deeper soil profile. The calculated spectral accelerations are
well below the code spectrum for periods below 2.5 s, as shown in Fig. 29.
5.6. Site 6 (Langley Park) and Site 7 (Raphael Park)
Site 6 (Langley Park) and Site 7 (Raphael Park) are located in the central business district
(CBD) of Perth and on each side of Swan river. The comparison of the observed SPAC
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FIGURE 27 Identified shear-wave velocity profile of Site 5.
FIGURE 28 H/V spectrum of Site 5.
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function and the fitted function for the two sites are shown in Figs. 30 and 34, respec-
tively. The identified shear-wave velocity profiles of the two sites are shown in Figs. 31
and 35. Both sites fall in the deep soil site category. The bedrock location of Site 6 is
about 70 m and that of Site 7 is below 100 m. The bedrock depth of Site 6 is verified by
borehole data available at a location less than 200 m from Site 6 [Stewart, 2001], in which
it indicates that the rock layer (sandstone) located at approximately 73 m below the
ground surface. However, no shear wave velocity for each layer is presented in Stewart
[2001]. The predicted soil profiles of Sites 6 and 7 conflict with the site description, i.e.,
shallow sand site, proposed by McPherson and Jones [2005]. Unfortunately, no borehole
data around Site 7 is available to clarify this confliction. As shown in Figs. 33 and 37, the
FIGURE 29 Response spectrum and amplification ration spectrum of Site 5.
FIGURE 30 Site 6: observed and modeled SPAC function.
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first and second modal vibration frequencies of Site 6 are 0.27 and 1.01 Hz and the first
and second modal vibration frequencies of Site 7 are 0.14 and 1.28 Hz. As shown in
Figs. 32 and 36, the H/V spectrum displays more peaks, with peaks occurring near these
two frequencies. The comparison of the calculated response spectrum and code spectra,
as shown in Figs. 33 and 37, indicates that the calculated spectral accelerations of Site 6
are well below the code spectrum across the entire frequency range and the code
spectrum is conservative at Site 7 for period below 2 s, but slightly underestimates the
response spectrum for period above 3 s.
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FIGURE 31 Identified shear-wave velocity profile of Site 6.
FIGURE 32 H/V spectrum of Site 6.
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6. Conclusions
In this article, results obtained in a recent study of predicting strong ground motions in
PMA are presented. The design earthquake event was determined with a probabilistic
seismic hazard analysis. The corresponding response spectrum of base rock ground
FIGURE 33 Response spectrum and amplification spectrum of Site 6.
FIGURE 34 Site 7: observed and modeled SPAC function.
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motion was predicted using a previously developed ground motion attenuation relation
for PMA. Both the SPAC method and H/V method were used to identify the properties of
7 sites around PMA with ambient ground vibration measurements. Using the identified
soil profiles and the simulated base rock motion as input, responses of the 7 sites were
calculated. The response spectrum of the calculated surface ground motion at each site
was also compared with the respective code design response spectrum. The study
revealed that
1. The PGA on rock site in PMA ranges from 0.14 g in the north-east through to
0.09 g in the south-west for a return period of 475 years. The current code value of
0.09 g underestimates PGA in most of the PMA. The code spectrum for rock site
also underestimates the spectral accelerations in the CBD of Perth in the period
range of 0.5–2 s.
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FIGURE 35 Identified shear-wave velocity profile of Site 7.
FIGURE 36 H/V spectrum of Site 7.
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2. Both the SPAC method and H/V method give similar identifications of vibration
frequencies in most sites. However, H/V method is a lot more sensitive to
measurement noises and fails to reliably identify the vibration frequencies of
the deep soil sites. Most identified site vibration frequencies in this study are in
general lower than those obtained by McPherson and Jones [2005].
3. The identified shear-wave velocity profiles with SPAC method are comparable to
the available site properties obtained by other researchers.
4. The comparisons of the calculated spectral accelerations show that the code
spectra are conservative in the short period range, but may slightly underestimate
the response spectrum at some long period range. Further studies are deemed
necessary to redefine the code spectrum in order to have a more reliable predic-
tion of possible earthquake ground motions.
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